Abstract-A review of Russian and foreign approaches to analyze and assess the ecological and socioeconomic role of urban and technogenic soils is made in the context of the two popular concepts: the ecological functions of soils and ecosystem services. The modern definitions, classification, and evaluation of ecosystem services and their relationships with soil functions are considered both in general and in relation to urban and technogenic soils. Despite some methodological differences, the work shows that the concepts are closely related, and their joint use is highly promising. Three practical examples for the cities of Moscow, Hangzhou, and Hong Kong show a consistent transition from the analysis of soil properties and functions to the assessment of ecosystem services and decision making in engineering, urban improvement, and sustainable urban development.
INTRODUCTION
Urbanization is one of the key trends in current land-use change [87] . The extent of urban areas on the planet increased fourfold in 1970-2000 [98] . By 2050, more than 70% of the nine billion people of the Earth will live in cities [60] . Against the background of the increasing urbanization rate, the quality of life in urban environments and sustainability of urboecosystems attract special attention of the scientific community and policy institutions [28, 47, 58] . Urban and technogenic soils (UTSs, as analogous to Soils of urban, industrial, traffic, mining, and military areas (SUITMA)) are a key component of urboecosystems. Being the link between the atmosphere, green plantations, and groundwater, these soils greatly affect the state of the environment and human health in the cities [82, 105] . High vulnerability of these soils to anthropogenic loads (pollution, salinization, sealing, compaction, etc.) necessitates their ecological monitoring, assessment, and standardizing. A wide range of practical fields (environmental planning, environmental impact assessment, urban planning, landscaping) specify a growing demand for high-quality objective data on the environmental state of the UTSs. The problem and adequate interpretation of soil information in a language understandable for the consumersenvironmental engineers, land surveyors, or policymakers-is very acute [93] . The following criteria for information on the UTSs necessary for solving various applied tasks of urban development can be suggested: (1) information integrity (maximum information with a minimum of indicators), (2) objectivity (adequate characterization of various soil processes and functions), and (3) informativeness (understandability to the consumer).
A traditional analysis of the physical and chemical properties of soils, as well as the application of classical agroecological indices [15, 41] and sanitary and hygienic standards [7, 26, 29] , does not fully satisfy the proposed criteria [102] . Thus, the practice of environmental monitoring is based on a limited list of static indicators (usually, data on the acidity and on the contents of nutrients and pollutants in urban topsoils) [14] . Sanitary and hygienic standards are focused on monitoring the effect of soil on human health and underestimate the contribution of soils to global environmental processes: biodiversity preservation, water balance regulation, carbon sequestration, etc. [54] . Integral approaches to assess soil quality [72] or soil health [55] , which characterize the soil through a combination of diverse processes and functions, rather than individual indicators, have become an alternative to the existing practice of environmental assessment and standardizing [4, 83] . The concept of soil ecological functions seems to be more promising for the assessment of the role of soils for humans and for the environment. There is a large number of publications on the classification, diagnostics, and evaluation of soil ecological functions both in Russia [9, 10, 13, 18] and abroad [38, 43] . Nevertheless, a significant difference in the existing approaches to the classification of ecological functions, insufficient substantiation of the particular indicators for their evaluation, and the lack of evident links with management decision-making limits the practical application of knowledge about the environmental functions of soils, especially in complex and heterogeneous systems, such as urban systems.
To the contrary, the concept of ecosystem services was initially focused on establishing clear relationships between environmental information and decisionmaking practices. In Russian literature, along with the original term (ecosystem services), its Russian equivalent-ekosistemnye uslugi (ecosystem favors)-is often used; it became popular after the Russian translation of the Millennium Ecosystem Assessment report [78] . From our point of view, the Russian term somewhat narrows the initial meaning of the term ecosystem services. In further discussion, we use the latter term. Although soil ecosystem services represent a relatively small part of ecosystem services [46, 78] , the high potential of this approach for an integral assessment of the role of soils for humans and the environment is obvious; adequate interpretation and adaptation of the results of soil studies can be helpful for solving a wide range of practical tasks [53] . The concepts of the ecological functions and ecosystem services of soils are closely interrelated. Thus, The Economics of Ecosystems and Biodiversity (TEEB) project suggests that soil functions can be considered as the basis for evaluation of some ecosystem services [98] . At the same time, the differences in the objects, methods, and tasks addressed by these approaches, as well as different levels of their perception and authenticity, especially in the Russian scientific community and political institutions, limit practical application of the concepts of ecosystem services and soil ecological functions in urban planning, environmental assessment, and environmental protection.
The purpose of this review is to summarize the theoretical basis of the concepts of soil ecological functions and ecosystems services and to evaluate the applicability of these two concepts for solving various problems of the assessment, ecological standardizing, and management of UTSs.
COMPARISON OF THE CONCEPTS OF SOIL ECOLOGICAL FUNCTIONS AND ECOSYSTEM SERVICES: PURPOSES, OBJECTS, CLASSIFICATION, AND DIAGNOSTICS
Soil ecological functions. The term soil functions, or, more specifically, soil ecological functions has been used since the early 1970s (Table 1) , when the traditional perception of the role of soils for the agricultural production was complemented by a better understanding of the global role of soils in the biosphere [8, 16, 17, 74] . At the early stages, the ecological functions of soils were mainly identified and analyzed at the global level, e.g., the function of sustaining life on the planet, or the function of ensuring the continuous interaction between the large geological and the small biological cycles of matter [19] . A significant growth of the number of investigations into this subject at the turn of the 20th century led to the new definitions and more detailed classifications of soil ecological functions. The approaches to classify soil ecological functions developed in Russia differed significantly from those developed in Europe and the United States. The classical Russian theory of soil ecological functions [9, [11] [12] [13] defines them as the role of soils and soil processes in ecosystems contributing to their preservation and development. Moreover, relying on the approaches of classical genetic pedology, the ecological functions of soils can be interpreted as the reverse impact of soils on soil-forming factors [13] . The approaches developed in Europe and in the United States are more practically oriented; the ecological functions of soils are considered as the impact of soil processes on the environment and human beings [59, 83] . The analysis of soil functions is actively implemented for land assessment and land management planning [71, 105] , whereas in Russia, the concept of soil ecological functions is often applied for the purposes of environmental protection; in particular, the concept is taken into consideration for the creation of the Red Data books of soils [1, 9, 35] . The differences between the Russian, European, and American approaches become even more evident when analyzing the proposed classifications of the ecological functions of soils. These classifications differ both in the number of identified functions and in their categories. Apparently, the most detailed classification existing at the moment is the Russian classification, which includes 32 functions: 16 global and 16 biogeocenotic functions [13] (Table 2 ). In European and American classifications, up to seven soil functions are usually distinguished; as a rule, they are subdivided into ecological and non-ecological functions [43] , or into natural and "useful to humans" functions [42] . Most of the functions offered by the European and American classifications have obvious analogues in the Russian classification (Table 3) , although it is difficult to make exact analogues for some functions. The latter concerns "non-ecological" [43] and "useful for human" [42] functions, since the main attention in the Russian classification is paid to the interactions between soil and landscape (at the biogeocenotic level) or soil and environment (globally) rather than to interactions between soil and humans, as in the case of European and American classifications. An additional reason for the discrepancies between Russian and foreign classifications is a clear terminological division between soil as a natural body and land as a spatial base in Russian scientific and legal practices [22] . In this regard, such functions as "the basis for infrastructure" or "the source of minerals and building materials," proposed by foreign classifications are not directly reflected in the Russian variant. Ecosystem services. The concept of ecosystem services appeared in the late 1960s in the works of American economists [65, 73] and became widely used after publication of the article "The value of the world's ecosystem services and natural capital" in Nature [49] . Noting the obvious underestimation of natural capital and environmental values in comparison with economic ones, the authors singled out 17 groups of ecosystem services and estimated their total value for the planet's territory at $33 trillion per year (with the total GDP of $18 trillion per year). The work had significant impact, not just by the total value of the natural wealth of the planet but by the very idea of the maximally utilitarian, economic approach to the assessment of natural capital. Within the framework of this approach, the term ecosystem service is considered as economic benefits that people directly or indirectly obtain from ecosystem functions [49, 52] . The use of this term in Russian publications started at the beginning of the XXI century, and predominantly in economic geography [2, 24, 32] . In recent years, the assessment of ecosystem services has been applied to land assessment issues or to the assessment of damage from soil degradation [23, 25] . The classification of ecosystem services has somewhat changed in the past 20 years. However, the main classification schemes [52, 78, 98] separate four categories: production/supply, regulation, life-supporting/sustaining (habitat), and cultural/information services [69] . The last version of the International Classification of Ecosystem Services (CICES), prepared by the European Environmental Agency [64] , excludes life-supporting/sustaining services, which was the reason for criticizing the approach for a clear ecological bias to the detriment of socioeconomic factors [96] . In Russia, as a rule, the classification suggested in the Millennium Ecosystem Assessment is used [78] . According to the reviews of studies devoted to ecosystem services [63, 95, 101] , this concept is usually applied for the assessment and mapping of natural resources [50, 80] and for the analysis of alternative land use scenarios [79, 106] . Among the most well-known cases of the use of this concept in the international environmental, eco- nomic, and political practices is the litigation for compensation of damage from an oil spill in the Gulf of Mexico [48] .
SOIL ECOSYSTEM SERVICES
The role of soils in the provision of ecosystem services remained underestimated for a long time. The concepts of ecological functions of soils and ecosystem services were developed independently from one another [40, 51] . Practical application of the concept of ecosystem services, as well as the growing understanding of the role of soil as a key component of natural capital [61, 92] , showed the importance of soil properties and functions for the assessment of ecosystem services and led to a discussion about the need for a deeper integration of these concepts [46] . As a result, the number of studies on the role of soils in the provision/maintenance of ecosystem services increased, and the term "soil-based ecosystem services" was introduced [45, 54] . Despite a large number of particular examples of the relationships between the ecological functions of soils and ecosystem services [70, 86, 107] , an integral scheme combining both concepts has not been developed so far. The main reason is the complexity and diversity of soil functions, each of which is associated with several ecosystem services of different levels. Thus, the comparison of the ecological functions [13, 43] and ecosystem services [100] shows the presence of about four linkages for each of the functions, and of about eight linkages for each of the services (Fig. 1) . Among the general schemes, the most interesting ones are the scheme suggested by Dominati with coauthors [54] (Fig. 2) and the "flower" scheme [37] (Fig. 3) . Among Russian publications, the approach proposed by Bondarenko [3] , which combines the functions of soils and ecosystem services at the biogeocenotic and global levels, is particularly interesting. All the proposed schemes allow relating the soil functions to the corresponding services, though there is no unified approach to their analysis and assessment. The most suitable for these purposes is the cascade model, which integrates the properties, functions, and ecosystem services of soils and opens possibilities for the practical application of assessment results (Fig. 4) .
ECOSYSTEM SERVICES OF UTSs
As a rule, investigations into the role of soils in the provision of ecosystem services are focused on soils of natural and agroecosystems; UTSs have virtually escaped the attention of researchers. This is due to the traditional perception of UTSs as highly degraded (contaminated, over-compacted, with low microbiological activity) soils [21, 81] . However, modern concepts of sustainable urban development (for example, "ecologically sustainable city" [88] or "city of minimum emissions" [91] )emphasize functions and ser- 
Fig. 2.
Framework scheme for providing ecosystem services through soil resources (according to [54] [5, 30, 85] . A review of sources from WoS (Web of Science), Scopus, and RSCI (Russian Science Citation Index) shows a predominance of papers devoted to the assessment of soils ecosystem services published by European, American, and Chinese authors (as a rule, with "domestic" objects of their studies) over the papers by Russian scientists, by more than a tenfold. The portion of papers devoted to the UTSs in both cases generally does not exceed 5%, although the number of such papers prepared by American, Chinese, German, and French authors has increased noticeably in the recent years (Fig. 5) . The work "Ecosystem services provided by soils of urban, industrial, traffic, mining, and military areas (SUITMAs)" [82] was a pioneer study in this field. In this study, 17 ecosystem services are considered, and the potential for their implementation by UTSs of four different categories-quasi-natural, constructed, soils of abandoned territories, and sealed soils-is estimated. Along with the services, the concept of "disservices" (negative impact on the ecosystem, as in the case of soil sealing or soil contamination) is suggested (Fig. 6) . It is noted in this study that the same groups of soils may deliver both services and dis-services in dependence on the character of their use. For example, sealed soils may increase the risk of flooding due to reduced filtration. However, the organization of surface runoff will facilitate more efficient water disposal and reduce the risks of flooding. The proposed assessment scale (zero, low, high or very high importance of the ecosystem service) seems somewhat simplistic, and the lack of specifications on the nature of the impact (positive or negative) complicates its understanding. Thus, the ecosystem service impact on the global climate is assessed equally as highly significant for the constructed soils and soils of abandoned areas and landfills. At the same time, there is much evidence for the positive effects of constructozems on the climate because of carbon sequestration (e.g., for golf courses [97] ), as well as for the negative impact of the soils of landfills on the climate because of the enhanced methane emissions [44] . However, despite the shortcomings, the presented classification is a unique attempt to organize the information about the UTS ecosystem services.
Much of the subsequent research on the ecosystem services of the UTSs is summarized in two monographs [75, 76] . They focus on one of the most studied services (for example, carbon sequestration [77] or biodiversity conservation [39] ) but do not reflect a consistent analysis of soil properties and functions for service assessment and decision-making.
Further in this paper, three examples are offered, which illustrate the sequential analysis of UTS proper- Fig. 3 . A conceptual scheme of the relationship between soil properties and ecosystem services through soil functions (according to [37] ).
H u m a n w e l l -b e i n g ties, functions, and services and decision making in accordance with the proposed cascade model (Fig. 1) . The examples differ in geographical location and bioclimatic conditions, the category of functions and services being analyzed, and the nature of the suggested decisions, which reflects the universality of the proposed cascade model.
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EXAMPLES OF UTS ECOSYSTEM SERVICES ASSESSMENT
Planning of green infrastructure objects to reduce the negative impact on the climate. The regulating service to reduce the negative impact on the climate is one of the most well-studied soil services, and it is frequently used in environmental and economic projects. Soil and green plantations play a key role in carbon sequestration thus reducing the greenhouse effect. At the same time, soils are the major source of CO 2 emission into the atmosphere [66] . Carbon stocks in urban soils are comparable with or exceed those in natural soils [90, 103] , but a significant portion of these stocks is represented by easily mineralizable carbon compounds [99] . The relationship between carbon stocks and СО 2 emissions in UTSs varies for different land uses and types of surfaces (urban lawns, parks, forest parks, specially protected areas) [94] . A comparative analysis of СО 2 emissions from the soils of urban lawns in the Northern administrative district of Moscow [36] and the adjacent background territories (the Petrovsko-Razumovskoe nature reserve) [6, 31] indicates that the average CO 2 emission from the urban lawns is more than two times higher than that from the background territories: 7.3 and 3.1 t C-CO 2 /ha, respectively. Taking the potential price of 1 t C-CO 2 at $15 [27] , the economic regression of the regulating service of urban lawns in comparison with the soils of urban forests and forest parks should comprise $63/ha. These results may be used for the ecological and economic substantiation of urban greening strategies. In particular, it is feasible to reduce the portion of fragmented areas of urban lawns in favor of extended areas of tree and shrub plantations. The implementation of the cascade model in this case allows us to move from the estimation of the carbon stock (property) and respiration (function) of the UTSs to the estimation of emissions and their negative effects on the climate (service) that should be taken into account in decision-making aimed at sustainable development of urban green areas (Fig. 7) .
The assessment of additional cost of purification of surface runoff as a result of UTS sealing. Soil sealing is one of the most significant negative consequences of urbanization. The portion of sealed soils (Ekranic Technosols, or ekranozems in Russian literature) in modern cities varies from 10 to 70%, depending on the size, location, and functional use of the territory [57, 103] . Though some works attest to the potential of sealed soils to perform certain ecological functions (e.g., preservation of carbon stocks [89] ), a general decrease in the quality of sealed soils is unquestionable. Sealing leads to a fundamental change in the physical properties of soils, including the filtration coefficient and the bulk density. Changes in the physical properties of the surface lead to redistribution of surface and underground runoff, deterioration of the water and air regimes, creation of unfavorable condi- Number of articles tions for plant roots and soil microbial community, formation of conditions for methane emissions, and other adverse consequences. An analysis of the negative consequences of soil sealing was performed for Hangzhou in Zhejiang Province of China [68] . It was shown that the average surface runoff in the areas with sealed soils increases by 40% in comparison with that in the urban forest park. Additional surface runoff increases the burden on the waste treatment plant and necessitates the construction of additional purification facilities. The average surface runoff from sealed soils comprised 234 m 3 /ha per year compared to 167 m 3 /ha per year for the forest park. The additional cost of construction and operation of waste treatment plants was estimated at $3684/ha per year on the average. In this case, the application of the cascade model allows using information on soil properties (density, filtration coefficient) for evaluation of the soil function (filtration, surface runoff) and ecosystem service (water balance regulation) to be taken into account in decision making on engineering measures and site preparation.
Energy saving for air conditioning owing to construction of green roofs. The effect of the urban heat island is another urgent problem for almost any large city [84] . The considered sealing of soils combined with the increased concentrations of greenhouse gases, decreased transparency of the atmosphere, and air stagnation lead to a significant increase in air temperatures in centers of the cities in comparison with the suburbs. The development of such heat islands lowers the standard of living conditions [56] and $3288 for the studied objects. These results were used in the report of the Department of Green Construction on the implementation of the state program to support the creation of green roofs and vertical gardening. Thus, the application of the cascade model in this case implies the establishment of relationships between the UTS property (temperature), the UTS function (heat flow), the microclimate service (reducing the cost of air conditioning), and the strategies to increase the use of green roofs in the city.
CONCLUSIONS
The importance of urban ecology issues for improving the quality of life and for solving global environmental problems has gained recognition among scientists, politicians, and practitioners. As indicated in the report of the United Nations General Assembly, the challenge is to create smart and sustainable cities; this challenge is already taken into account in the development strategies of many countries and regions. Against the background of growing public and political attention to urban ecosystems in general and to urban and technogenic soils, in particular, it is especially important to be able to ensure the solution of the problems of ecological projecting and planning of the cities with due account for the qualitative and comprehensive soil information. The review of the two most common integrated approaches of soil ecology-the concepts of ecological functions of soils and ecosystem servicesshowed the absence of antagonism between them and emphasized the prospects for their joint use for such a complex and interesting object as urban and technogenic soils. For an expert in the analysis and assessment of ecosystem services (economist, analyst, or manager), data on soil properties and functions form the necessary basis for making justified decisions on the use of the territory. For a soil scientist, the assessment of ecosystem services provides possibility to bring the results of soil studies to a new level of the practical use and to take part in real decision making on the environmental management in urban territories. Examples of a consistent analysis of the properties, functions, and services of the UTSs have shown the efficiency and relevance of this approach for decision making in various fields of urban engineering and in the general improvement, development, and sound management of the urban environment. Further intensification of interdisciplinary investigations into the ecological and socioeconomic role of soils in the urban environment opens up new promising scientific directions and contributes to the practical implementation of sustainable urban development.
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